Four new poly(aryl ether sulfone)s containing naphthalene rings were synthesized from 1,5-and 2,7-bis-(4-fluorosulfonyl)naphthalene isomers with different diphenols. These polymers exhibited high glass transition temperatures and good thermal stability. The glass transition temperatures ranged from 220 to 236 o C and the 5% weight-loss temperatures were above 423 o C. As the four polymers were treated at 300 o C, the glass transition temperatures of polymer series a obviously increased and the polymers became insoluble in common organic solvents including NMP, DMAc, and chloroform, etc., but the series b did not, which indicate that a thermal crosslinking reaction via free radicals happened leading to crosslinked polymers.
Introduction
Poly(arylene ether sulfone)s comprise a class of materials used as engineering thermoplastics. Because of their excellent properties, such as high T g and superior thermooxidative stability, which have been well reviewed, the synthesis and characterization of these amorphous aromatic polymers have been investigated for numerous applications. However, there remain some undesirable features: they are solvent sensitive, especially under stress, and as is typical for thermoplastics, undergo some creep when under load at elevated temperatures (175 o C) [1] [2] [3] . These shortcomings preclude their use when solvent resistance and high temperature dimensional stability are requirements.
It is apparent, therefore, that in order to get the optimum balance of properties and processability, the choice of linking group is of paramount importance. Moreover, recent works demonstrated certain advantages of poly(arylene ether)s incorporating within the backbone rigid groups (such as biphenyl or naphthalene) over those without these units [4] [5] [6] . Naphthalene rings have been introduced into polymer structures by some authors as it has a larger volume than benzene ring, which increases the proportion of the rigid group in the main chain and blocks the mobility of segments and therefore increases the glass transition temperature (T g ) of the polymer [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] .
In this work, a series of poly(aryl ether sulfone)s based on such monomers 1,5-, and 2,7-bis-(4-fluorosulfonyl)naphthalene were synthesized. The solubility, the thermal properties and the crosslinking behavior of the polymers were studied.
Results and discussion

Monomers synthesis
The 1,5-and 2,7-bis-(4-fluorosulfonyl)naphthalene isomers were prepared by a Friedel-Crafts reaction between the disulfonyl chlorides with fluorobenzene in the presence of AlCl 3 as the catalyst (Scheme 1).
Scheme 1.
Friedel-Crafts reaction between the disulfonyl chlorides with fluorobenzene.
Monomer a and b were obtained as pure materials after recrystallization from HAc and were identified by FT-IR, element analysis and NMR. In the IR spectra, the key structural features included the following absorptions: sulfone -SO 2 -, around 1321 and 1140 cm -1 , and C-F, around 1154 cm -1 . Figure 1A shows the 1 H NMR spectra of monomer a and b, all the signals corresponding to the proposed structure can be observed.
Polymers synthesis
Polycondensation reactions of monomers a and b with two different bisphenols, as shown in Scheme 2, were carried out in TMS at 210 o C using excess 5% potassium carbonate to yield the desired poly(aryl ether sulfone)s. High-molecular weight polymers were readily obtained in 8 h. The number-average-molecular weights ranged from 25800 to 53000, and the polydispersities ranged from 1.18 to 1.32. The inherent viscosities of them in DMF were in the range of 0.20-0.27dL/g at 25 o C.
Tab. 1. Properties of poly(aryl ether sulfone)s containing naphthalene moieties. The polymers were characterized by FTIR spectrometry, element analysis and 1 H NMR spectrometry as described in the Experimental section. The results were in agreement with the expected formulae. The general properties of the polymers are summarized in Table 1 .
The chain structures of the polymers were confirmed by FTIR and NMR spectrometries. The FTIR spectra of the polymers show the characteristic absorption bands around 1317 and 1138 cm -1 due to sulfone groups, and around 1232 cm From the DSC only T g could be found. To confirm that these polymers were all amorphous, the conformations of the polymers were investigated under powder X-ray diffraction and no diffraction peak was found. The XRD patterns of the polymers are shown in Figure 3 . The thermal behavior of the polymers in air was investigated by TGA. All the polymers exhibited high thermal stability, as shown in Figure 4 . The thermal degradation temperature was above 423 o C (5% weight loss) for all the polymers.
All of the original polymers are soluble in DMF, DMAc and NMP, but insolvable in CHCl 3 and CH 2 Cl 2 (seen in Table 2 ). This characterization is the same as that of PES [19] . 
Thermal crosslinking behaviors
In order to give evidence for a possible thermal crosslinking reaction, the DSC analysis and the study for the polymer solubility were performed with poly(aryl ether sulfone)s containing naphthalene isomers at 300 o C for various treating times, i.e.,1 h, 2 h, 4 h, 8 h, 12 h and 24 h , and then the polymers were quenched in ice water.
The typical T g s of a polymer series a after heat treatment are given in Figure 5 . The results show that the glass transition temperatures (T g s) of polymer series a increase with prolonging the treatment time, but those of the polymer series b have no obvious changes. These results are attributed to the occurrence of thermal crosslinking reactions only taking place in polymer series a. The temperatures of crosslinking reactions of polymer series a are lower than those for the corresponding poly(aryl ether sulfone)s that have been reported [20] [21] . After the heating treatment, polymer series a cannot dissolve in the common organic solvents but polymer series b still have good solubility, which also indicates polymer series a underwent crosslinking reactions but polymer series b did not.
Interestingly, the work mentioned above [20] [21] discussed about the crosslinking behavior of poly(aryl ether sulfone) and poly(aryl sufones) with some curable end groups such as phenylethynyl group or hydroxyl terminated along with cyanurates, while in this work, because of the presence of the naphthalene ring, the crosslinking behavior happened without any such activating groups. When heated in the air atmosphere, two kinds free radicals, RO• type free radicals and naphthalene ring free radicals were excited via which the crosslinking reaction took place [22] . Meanwhile, the introduction of naphthalene rings as the crosslinking group was a good choice since the properties of the polymers remained. Also, we noted the crosslinking reaction only happened in the series a obviously, which could be explained by the competency to produce free radicals being different because of the different substituent of naphthalene ring. And we also calculated the apparent energy of two of the polymers using the Kissinger method [23] . From the data shown in Table 3 we know that the apparent activation energy of the 1,5-substituent series was lower than that of the 2,7-substituent series, especially at the first stage. As a consequence, in series a, the crosslinking reaction took place easily. 
Conclusions
A series of novel Poly(aryl ether sulfone) containing naphthalene isomers were synthesized via the nucleophilic aromatic substitution polycondensation. These polymers have high molecular weight and inherent viscosities. Because of the incorporation of naphthalene, the resulting Poly(aryl ether sulfone)s exhibited outstanding thermal properties. The glass transition temperatures are above 220˚C, and the temperatures at a 5% weight loss are above 423˚C in air. All these polymers are amorphous and soluble in common organic solvents. In addition, the glass transition temperatures of polymer series a increased and the polymers became insoluble in common organic solvents after treated at 300 o C, indicating that a thermal crosslinking reaction via free radicals happened.
Therefore, polymer series a may be potential candidates for crosslinkable highperformance polymers.
Experimental part
Materials
Hydroquinone (HQ) (purity 98%, industrial grade) and bis(4-hydroxyphenyl)sulfone (BPS) (purity 98%, industrial grade), which were obtained from Yanji Chemical Plant, P.R. China, were dried in vacuum at 70 o C for 8 h. Potassium carbonate (analytical reagent, Tianjin Chemical Reagent Plant, P.R. China) was dried at 110 o C for 6 h. Naphthalenedisulfonyl chloride was obtained by the acylation reactions of chlorosulfonic acid with 1,5-and 2,7-naphthalene disulfonic and chlorosulfonic acids supplied by our laboratory [17] [18] , all the other reagents were used without further purification.
Monomer Synthesis
The preparation of monomer a (1,5-bis-(4-fluorobenzoylsulfonyl)naphthalene) is as follows: to 1,5-naphthalene disulfonyl chloride were added 20 g of anhydrous powdered aluminium chloride(0.15 mol) and 60 mL of fluorobenzene; then the mixture was heated to the reflux temperature for 4 h. The cooled solution was poured into the mixture of crushed ice and HCl (volume ratio=200:20), and the resulting mixture was stirred for 1 h. Crystallized from HAc, the precipitate product was filtered, washed with water, and dried. Yield: 70%.m.p. 226-227 o C (DSC). m/z=444.03. The elemental analysis data are listed in Table 4 Infrared spectral analysis was performed on a Nicolet Impact410 FTIR spectrometer using the polymer films. The molecular weights were measured using a Waters410 gel permeation chromatograph (GPC) with DMF was used as the mobile phase. 1 H (500 MHz) and 13 C (125 MHz) spectra were recorded in a CDCl 3 or a DMSO-d solution on a Bruker 510MHz NMR spectrometer, and the result is reported in ppm from tetramethylsilane in the δ scale. The wide-angle X-ray diffraction patterns were recorded in the reflection mode at room temperature by using a Rigaku D/max-rA diffractometer equipped with a -2 goniometer. A graphite monochromator and Cu K  radiation were used. The diffraction scans were collected in a 2 range between 4 and 50 o for the polymer films.
